The concentration of human immunodeficiency virus type 1 (HIV-1) is generally lower in breast milk than in blood. Mastitis, or inflammation of the breast, is associated with increased levels of milk HIV-1 and risk of mother-to-child transmission through breastfeeding. We hypothesized that mastitis facilitates the passage of HIV-1 from blood into milk or stimulates virus production within the breast. HIV-1 env sequences were generated from single amplicons obtained from breast milk and blood samples in a cross-sectional study. Viral compartmentalization was evaluated using several statistical methods, including the Slatkin and Maddison (SM) test. Mastitis was defined as an elevated milk sodium (Na ؉ ) concentration. The association between milk Na ؉ and the pairwise genetic distance between milk and blood viral sequences was modeled using linear regression. HIV-1 was compartmentalized within milk by SM testing in 6/17 (35%) specimens obtained from 9 women, but all phylogenetic clades included viral sequences from milk and blood samples. Monotypic sequences were more prevalent in milk samples than in blood samples (22% versus 13%; P ‫؍‬ 0.012), which accounted for half of the compartmentalization observed. Mastitis was not associated with compartmentalization by SM testing (P ‫؍‬ 0.621), but Na ؉ was correlated with greater genetic distance between milk and blood HIV-1 populations (P ‫؍‬ 0.041). In conclusion, local production of HIV-1 within the breast is suggested by compartmentalization of virus and a higher prevalence of monotypic viruses in milk specimens. However, phylogenetic trees demonstrate extensive mixing of viruses between milk and blood specimens. HIV-1 replication in breast milk appears to increase with inflammation, contributing to higher milk viral loads during mastitis.
Breastfeeding accounts for 30 to 50% of mother-to-childtransmission (MTCT) of human immunodeficiency virus type 1 (HIV-1) (38) . MTCT through breastfeeding occurs primarily in sub-Saharan Africa, where the use of artificial infant formula is often not feasible because of cost and the associated infant mortality from infections due to the use of unsafe water and the lack of the protective effects of breast milk (19, 38, 51) . Numerous strategies to reduce postnatal HIV-1 infection of infants while preserving the advantages of breastfeeding have been evaluated, including maternal use of combination antiretroviral therapy or infant antiretroviral prophylaxis during the period of breastfeeding (5, 25, 26, 30, 40) . Understanding the biologic events that increase the concentration of HIV-1 in breast milk is critical to the development and evaluation of interventions to reduce postnatal MTCT.
The risk of MTCT is strongly associated with the concentration of HIV-1 in breast milk (28, 46, 47) . Although breast milk HIV-1 RNA concentrations correlate with those in plasma, levels in milk are typically 2 log 10 lower (15, 24, 43) . This suggests that HIV-1 in blood and milk may not mix freely, likely because of the closure of tight junctions between mammary alveolar cells that occurs once milk production is established and before weaning (16) . Thus, HIV-1 may evolve in the breast without substantial mixing with blood, i.e., evolving viral variants would become compartmentalized-a phenomenon that has been observed in the central nervous system (50) and in some studies of the genital tract (10, 44, 57) . Compartmentalization of HIV-1 variants has been detected in the breast milk of a small number of women (3, 4) , but other data suggest that compartmentalization in breast milk may be uncommon (22) .
Breast inflammation (mastitis) occurs frequently during lactation, most commonly without symptoms. Mastitis is associated with elevations in HIV-1 RNA levels in milk (15, 31, 47, 55) , an increase in the number of inflammatory cells in milk, and opening of tight junctions in the mammary epithelium that allows passage of subcellular blood components, of which sodium (Na ϩ ) serves as a marker (15, 16, 36, 47, 55) . Greater permeability of mammary epithelia may allow the passage of free virus from the blood into breast milk, which would result in the mixing of HIV-1 subpopulations from blood and milk. Alternatively, inflammation in the breast may induce replication of virus by HIV-1-infected cells within the breast, which would result in divergence between milk and blood HIV-1 subpopulations. Here we describe detailed genetic analyses of HIV-1 subpopulations in the blood and breast milk to determine whether mastitis affects the structure of these populations and to gain understanding of the processes that may lead to increased concentrations of HIV-1 in milk.
sequence segregated only with others from the identified participant. Sequences from all participants were carefully examined for contamination by comparisons to known reference sequences and to all other sequences generated in the laboratories, and no matches were found. We also screened each alignment for recombination, since this could confound compartmentalization (56) . For all subjects, phylogenetic trees were constructed using the DIVEIN interface (11) (http://indra.mullins.microbiol.washington.edu/DIVEIN/index.html), with a general time-reversible model plus invariant plus gamma distribution (GTRϩIϩG) model evolution within PhyML (version 3.0) (18) . Four representative subtype C HIV-1 sequences from GenBank (accession numbers AY265933, AY265936, AF268277, and AY265952) were used to root the phylogenies of each participant's sequences. In order to better evaluate the possibility of dual HIV-1 infection in the phylogenies of those individuals (participants A, D, E, G, and H) with pronounced separation of discrete clades, eight additional subtype C sequences (GenBank accession numbers AF443091, AY772691, AY162224, AY772699, AF067155, AF286224, AF443112, and AF443106) as well as one each from subtypes A, B, and D (GenBank accession numbers AF286241, U63632, and AY253311) were included. HIV-1 coreceptor usage was predicted for the V3 region amino acid sequences using the subtype C position-specific scoring X4/R5 and syncytium-inducing and non-syncytium-inducing matrices (23) (http://indra .mullins.microbiol.washington.edu/pssm/).
Evaluation of HIV-1 population structure and statistical testing. The topology of each phylogenetic tree was examined, with particular attention to the identification of breast milk-or peripheral blood-specific clades. The compartmental structure of viral sequences in blood and milk specimens obtained from each subject was evaluated by the Slatkin and Maddison (SM) test, which evaluates variation from normalcy in the distribution of sequences over a predicted tree structure using MacClade (8, 49) . Each blood and milk specimen was included in SM analysis if at least five sequences were available from that specimen. Comparisons were performed using each infecting HIV-1 strain separately for those participants that had evidence of dual infection. The SM test was further evaluated using 1,000 bootstrap replicate phylogenies (7, 44) . Genetic differentiation between breast milk and blood specimens was also evaluated using the Bayesian tip-significance (BaTS) testing tool (41) (http://evolve.zoo.ox.ac.uk/Evolve/BaTS .html), which takes into account uncertainty arising from phylogenetic structure error by testing over multiple credible topologies produced by the Bayesian phylogenetics program BEAST (13) (http://beast.bio.ed.ac.uk/Main_Page). BaTS testing evaluates the sequences by running the following two established tests: the association index (AI) (13) , which assesses the population structure by weighting the contribution of each internal node based on how deep it is in the tree, and the parsimony score (PS), also known as the Slatkin and Maddison test, described above. BaTS also incorporates a new measure, the maximum singlestate clade size (MC), a statistic which quantifies the observation that stronger phylogeny-trait associations should produce larger monophyletic clades whose tips all share the same trait (41) . Each participant's alignment was used to generate a posterior sample of trees (PST) in BEAST, the exponential growth model under the Hasegawa-Kishino-Yano plus gamma invariant model with a Markov chain Monte Carlo chain length of 5 ϫ 10 6 and parameter logging every 1,000 generations, yielding a PST of 5,000, which was the input data for BaTS testing, minus a burn-in of the first 10%, or 500 trees. BaTS testing was set to generate 100 null distributions to test the significance of the observed data. P values of Ͻ0.05 were considered to be evidence of compartmentalization without correction for multiple comparisons. The pairwise genetic distances of each breast milk sequence from each blood sequence within a participant were calculated using the DIVEIN distance generator under the same model that was estimated for phylogeny calculation (48) .
Milk Na ϩ medians were compared using the two-sample Wilcoxon rank sum (Mann-Whitney) test, and the proportions of monotypic virus were compared using Fisher's exact test (two tailed). Linear regression and the generalized estimating equation (GEE) with robust standard errors were used to evaluate the association between the milk Na ϩ concentration and the mean pairwise genetic distance between sequences in the breast milk and blood specimens obtained from each participant. These analyses were performed using Stata/SE 9.2 for Macintosh (StataCorp, College Station, TX).
Nucleotide sequence accession numbers. The gene sequences determined in this study were deposited in GenBank under accession numbers HQ172164 through HQ172673. collected 6 to 16 weeks postpartum were evaluated in a crosssectional study (15) . All participants had received a single dose of nevirapine for the prevention of MTCT (17) but were not otherwise exposed to antiretroviral drugs. The median HIV-1 RNA viral load in plasma samples was 146,224 copies/ml (range, 25,831 to 986,896 copies/ml) and in milk samples was 4,105 copies/ml (range, 241 to 124,254 copies/ml) ( Table 1) . A total of 515 individual HIV-1 env sequences were generated, with a median of 54 sequences from each participant (range, 42 to 74) ( Table 1 and Fig. 1 ). Of these sequences, 186 were generated from HIV-1 RNA, and 329 were generated from HIV-1 DNA. A total of 171 of these sequences were derived from blood samples, and 344 were derived from milk samples ( Table 1 and Fig. 1) .
Analysis of HIV-1 population structure. Pronounced separation of discrete clades was apparent in phylogenetic trees obtained from five of the nine participants (A, D, E, G, and H). The trees obtained from two of these individuals, participants A and E, displayed separation of viral clades by reference sequences without evidence of recombination, indicating infection with two unrelated strains of subtype C HIV-1 ( Fig. 1) . A lack of genetic diversity in cell-associated HIV-1, suggestive of recent infection, was notable in each infecting virus population of participant E. Phylogenies obtained from each of the other participants displayed a monophyletic cluster of sequences distinct from reference sequences, without evidence of dual infection. The sequences obtained from participant H were monophyletic with respect to reference sequences yet displayed two discrete clades that were found to differ by genotypic coreceptor usage prediction ( Fig. 1 ) (phenotypic analysis for definitive determination of coreceptor usage was not performed [23] ). Sequences obtained from participants D and G formed distinct clades that were not explained by dual infection or coreceptor use.
Across all the participants' phylogenies, HIV-1 sequences from breast milk specimens were interspersed with those from blood specimens, without clades comprised exclusively of blood or milk viruses. RNA and DNA sequences were largely interspersed across the individual's phylogenies. Because cellfree and cell-associated HIV-1 sequences in untreated individuals largely reflect actively replicating virus (33, 35) and because of the small numbers of sequences of each type available for analysis, RNA and DNA sequences were combined in the evaluations of compartmentalization.
The frequency of finding two or more monotypic sequences (those with zero nucleotide differences) was similar across breast milk and blood specimens (15/18 versus 5/9, respectively; P ϭ 0.175). However, monotypic variants comprised a greater proportion of all sequences in milk specimens than in blood specimens (22.4% versus 12.9%; P ϭ 0.012) ( Table 2) .
Despite the interspersion of sequences on phylogenetic trees noted above, statistical evaluation of the population structure of viral sequences using SM testing based on maximum likelihood phylogenies detected compartmentalization of virus between breast milk and blood in 6 of 17 (35.3%) specimens obtained from 4 of 9 individuals (participants B, C, D, and E) ( Table 3) . Results were similar when statistical estimation of compartmentalization was performed using parsimony scores, association indices, and maximum monophyletic clade sizes based on Bayesian phylogenies (12, 41) (Table 3 ). In addition, performing all analyses using balanced numbers of sequences from each participant's samples did not substantially change estimates of compartmentalization (data not shown). No evidence for compartmentalization between right and left breast milk specimens was observed (data not shown). After monotypic sequences, which can inflate statistical estimates of population structure (7, 8, 21) , were collapsed into a single sequence, 3 of 6 (50%) specimens no longer showed evidence of compartmentalization by SM testing (Table 3) , reducing the overall rate to 3 of 17 (17.6%) specimens.
Effect of mastitis on HIV-1 population structure. The median concentration of breast milk Na ϩ across all specimens analyzed was 8 mM (range, 2 to 86 mM), and 6 participants had mastitis in one breast, as defined by a milk Na ϩ concentration of Ͼ12 mM (Table 1) (15, 47) . Milk specimens with mastitis had a median HIV-1 viral load of 45,228 copies/ml (range, 1,553 to 124,254 copies/ml) compared with that of 2,660 copies/ml (range, 400 to 55,227 copies/ml) in specimens without mastitis (P ϭ 0.043).
The proportion of monotypic viruses in milk specimens was not associated with mastitis (18.4% versus 24.4% in samples with and without mastitis, respectively; P ϭ 0.218) ( Table 2 ). a NA ϭ sample not available.
FIG. 1. HIV-1 env sequences from both breast milk and blood specimens are present in all phylogenetic clades, suggesting a lack of viral compartmentalization. Maximum likelihood phylogenetic analysis of the HIV-1 env region C2-V5 derived from single-amplicon-derived sequences from RNA (squares) and DNA (circles) from blood specimens (black filled symbols) and breast milk specimens (left breast, gray filled symbols; right breast, open symbols). Dual HIV-1 infection is evident in participants A and E, with each infecting strain delineated by a bracket. The phylogeny for participant H shows distinct clades, shown with brackets, which differ by predicted coreceptor usage (CCR5 or CXCR4). Mastitis, as defined by a breast milk Na ϩ concentration of Ͼ12 mM, was present in samples from subject A (left breast), B (right breast), D to F (right breast), and G (left breast). Sequences obtained from all participants are rooted by four reference sequences of subtype C (labeled RC1, etc.). Eight additional subtype C sequences and one each from subtypes A, B, and D were used to root phylogenies for participants A and E in order to better characterize their dual infections. The number of substitutions per site is indicated by the horizontal line below each phylogeny.
Similarly, compartmentalization of virus was not associated with mastitis, with compartmentalization observed in 1 of 6 (16.7%) breast milk specimens with mastitis compared to 5 of 11 (45.5%) of those without mastitis (P ϭ 0.334) ( Table 3) by SM testing. Furthermore, the median Na ϩ concentration did not differ significantly between milk specimens with compartmentalization detected by SM testing and those without (P ϭ 0.155).
The relationship between milk Na ϩ concentration as a marker of inflammation within the breast and the genetic distance between HIV-1 populations in breast milk and blood samples was evaluated using the GEE. Breast milk Na ϩ was positively correlated with the genetic distance between HIV-1 in milk and blood specimens, indicating that with increasing inflammation HIV-1 populations in milk specimens progressively diverged from those in blood specimens (␤ coefficient ϭ 3.8 ϫ 10 Ϫ5 ; 95% confidence interval, 1.6 ϫ 10 Ϫ6 to 7.4 ϫ 10 Ϫ5 ; P ϭ 0.041).
DISCUSSION
Three observations are noteworthy from our study. First, we found only limited compartmentalization of HIV-1 in breast milk specimens, suggesting substantial interchange of viruses between the milk and blood specimens obtained from the participants we studied. Second, monotypic sequences were overrepresented in the HIV-1 populations from milk specimens compared to those from blood specimens, suggesting local HIV-1 production within the breast, possibly from the proliferation of infected cells. Third, the mean genetic distance between milk and blood viruses correlated positively with breast milk Na ϩ concentrations, suggesting full cycles of viral replication within the breast and that the increased breast milk HIV-1 concentrations observed with mastitis are not simply due to the passage of virus from blood into breast milk.
Viral compartmentalization was detected in a minority of breast milk specimens using a panel of statistical methods commonly used to evaluate population structure. However, among the participants evaluated, no tissue-specific clades were observed in phylogenetic trees. Rather, viral sequences from milk and blood specimens were intermingled, suggesting that viruses mix readily between these fluids. Similarly, studies of HIV-1 populations in the genital tract and lung have found compartmentalization by statistical testing when segregation by fluid/tissue is not apparent in phylogenies (7, 21) . The importance of such compartmentalization is unclear but is consistent with replication or proliferation within a small virus population (i.e., limited effective population size) (7, 21, 56) .
Detection and quantification of minority sequence variants are dependent on the method of sampling and the number of sequences obtained. We sequenced virus derived from single PCR amplicons, which prevents bias due to resampling of individual variants (9, 32) . Resampling of viral sequences may explain the apparent compartmentalization of HIV-1 in breast milk specimens previously reported for some women (3, 4) . In support of our findings, a study using a heteroduplex tracking assay was unable to distinguish differences between HIV-1 populations from breast milk and blood specimens obtained from 8 women (22), as did a recent study that cloned viruses but employed methods to avoid resampling of viral templates (20) . The time and expense required for the generation of single-amplicon sequences limits the sample size feasible for phylogenetic analyses and therefore affects the precision of estimates of population differences. We analyzed a large number of sequences, but these sequences were derived from a small number of nonrandomly selected participants, potentially limiting the generalizability of our findings. In addition, it was not possible to perform analyses on cell-free virus populations separately, as few sequences were generated from breast milk specimens with low concentrations of HIV-1 RNA. Finally, because the sequences were derived at a single time point early in lactation, we cannot rule out the possibility that HIV-1 compartmentalization in an individual's breast milk changes significantly over time. Relevant to this last point, a comparison of the compartmentalization of blood and milk when these specimens were collected on the same or different dates gave discrepant results (20) . Viruses in specimens collected on the same dates were rarely compartmentalized, a Analyses for those participants (A and E) who had dual HIV-1 infections were performed separately on each of the infecting HIV-1 strains (1, upper clade in phylogenies; 2, lower clade in phylogenies) (Fig. 1) .
b Breast milk specimens with mastitis (Na ϩ concentrations of Ͼ12 mM) are underlined.
whereas viruses in those collected more than 100 days apart were consistently compartmentalized across statistical analyses, suggesting that significant evolution occurred in this time frame. Even using methods that preclude resampling, identical sequences were found in the majority of specimens. Indeed, we may have slightly underestimated the number of identical sequences, as approximately half of the sequences were generated by cloning, which we estimate could introduce an average of Ͻ1-to 3-base-pair changes per sequence (14) . These monotypic sequences likely reflect very recent viral replication or, in the case of DNA sequences, the clonal expansion of HIV-1-infected cells (2, 7, 8, 21, 53) . Thus, the disproportionate prevalence of monotypic sequences in breast milk specimens compared to those in blood specimens may represent a relatively greater production of HIV-1 in milk. Alternatively, the likelihood of sampling identical sequences from blood specimens compared to that from breast milk specimens may differ due to the large total circulating volume and higher HIV-1 concentrations in blood than in milk. It is also possible that the fact that slightly more blood sequences than milk sequences were obtained by cloning and may include additional errors introduced during PCR resulted in an underestimate of monotypic viruses in blood specimens. In either case, the presence of identical sequences can bias statistical estimates of population structure (2, 7, 8, 21) . Of note, monotypic sequences accounted for half of the instances of compartmentalization detected. Our findings are remarkably similar to those from studies of rhesus macaques (42) that had large numbers of monotypic SIV env sequences detected in the breast milk specimens but not in blood specimens. Furthermore, although breast milk and blood simian immunodeficiency virus (SIV) sequences were interspersed in phylogenetic trees, SM testing detected compartmentalization that was again diminished by exclusion of monotypic sequences. We contend that compartmentalization based on monotypic or nearly identical sequences may not reflect a separate viral population but rather might be a snapshot of recent events, namely, a burst of viral replication and/or proliferation of HIV-1-infected cells.
Mastitis is associated with increased breast milk HIV-1 loads, presumably by either influx of virions from the blood and/or local viral production within the breast (15, 31, 47, 55) . We observed a statistically significant positive correlation between breast milk Na ϩ concentrations and the genetic distance between milk and blood HIV-1 subpopulations. This is consistent with increased replication of HIV-1 within the breast due to mastitis, resulting in divergence of breast milk HIV-1 subpopulations from those in blood. The plausibility of mastitis stimulating local HIV-1 replication in the breast is supported by observations of the effects of infection and inflammation in other settings. For example, increased production of HIV-1 in lungs (29, 37) and lymph nodes (39) has been associated with opportunistic infections, and viral replication can be stimulated in T cells by various inflammatory cytokines (27, 54) .
When inflammation renders mammary epithelial tight junctions permeable, HIV-1 from the blood may more easily enter breast milk, as occurs with other blood components (15, 16, 36, 47, 55) . Although the passage of HIV-1 from blood into breast milk may contribute to the increase in milk HIV-1 concentrations due to mastitis, our observations suggest that this is not (Fig. 1) . b P values shown are derived from comparing all sequences, excluding monotypic sequences, from the breast milk and blood specimens obtained from each subject using various methods, as follows: Slatkin and Maddison (SM) test, parsimony score (PS), association index (AI), and maximum single-state clade size (MC). In parentheses are the P values for the same comparison after elimination of identical sequences within a specimen. P values of Ͻ0.05 are shown in boldface. For the MC test, a P value Ͻ0.05 for either the milk or blood sample is considered evidence of compartmentalization. Specimens yielding Ͻ5 sequences were not analyzed for compartmentalization by SM (indicated by "-"). Breast milk specimens with mastitis (Na ϩ concentrations of Ͼ12 mM) are underlined.
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on September 23, 2017 by guest http://jvi.asm.org/ the sole mechanism, because an influx of blood viruses would decrease the genetic differences between these subpopulations. While the absolute divergence of breast milk HIV-1 we detected in mastitic milk was small, it is important to note that the duration of increased viral replication would at most be 6 to 16 weeks in duration due to the timing of sample collection after the onset of lactation. In addition, the magnitude of the genetic differences between milk and blood HIV-1 may have been diminished by the countervailing contribution of blood virus leaking into milk. Of note, although there was a significant association between milk Na ϩ concentrations and the genetic distance between HIV populations in blood and milk specimens, we did not detect an association between mastitis and the prevalence of monotypic sequences in milk specimens. This discrepancy suggests that mastitis may stimulate viral replication across a larger population of virus in the infected breast compared to that in the healthy breast, perhaps due to an influx of infected inflammatory cells. Furthermore, compartmentalization of virus in breast milk specimens was not associated with mastitis, suggesting either that a relatively diverse group of viruses replicated in milk specimens or that the net effect of inflammation on replication within the breast was not sufficient to affect HIV-1 population structure by these measures.
In summary, phylogenetic analyses of HIV-1 genomes from breast milk and blood specimens obtained from lactating women found limited viral compartmentalization, indicating relatively free mixing of viruses between milk and blood specimens. The greater prevalence of monotypic HIV-1 in breast milk specimens suggests viral replication and/or proliferation of cells containing proviruses within the breast. Statistical modeling of the effect of inflammation on genetic distance between HIV-1 subpopulations in milk and blood specimens found evidence for increased HIV-1 replication in breasts with mastitis.
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